Four loci have been associated with pancreatic cancer through genome-wide association studies (GWAS). Pathway-based analysis of GWAS data is a complementary approach to identify groups of genes or biological pathways enriched with disease-associated single-nucleotide polymorphisms (SNPs) whose individual effect sizes may be too small to be detected by standard single-locus methods. We used the adaptive rank truncated product method in a pathway-based analysis of GWAS data from 3851 pancreatic cancer cases and 3934 control participants pooled from 12 cohort studies and 8 case-control studies (PanScan). We compiled 23 biological pathways hypothesized to be relevant to pancreatic cancer and observed a nominal association between pancreatic cancer and five pathways (P < 0.05), i.e. pancreatic development, Abbreviations: ARTP, adaptive rank truncated product; GWAS, genome-wide association study; SNP, single-nucleotide polymorphism; TGF, transforming growth factor.
Introduction
Genome-wide association studies (GWAS) have become the standard for investigating the association between common inherited genetic variants across the genome and risk of complex diseases such as cancer. Two GWAS (PanScan 1 and PanScan 2) recently identified four susceptibility loci for pancreatic cancer at chromosomes: 9q34.2, 13q22.1, 1q32.1 and 5p15.33 (1, 2) . Despite these important findings, the statistical tests applied in GWAS are typically restricted to single markers; furthermore, some markers and genes may be missed because of the stringent statistical threshold necessary to minimize false-positive findings (genome-wide significance) (3, 4) . Pathway-based analysis of GWAS data is a complementary approach for identifying groups of genes or biological pathways enriched with disease-associated singlenucleotide polymorphisms (SNPs) whose individual effect sizes may be too small to be detected by standard single-locus methods.
The idea for pathway-based approaches stems from two concepts: (i) that a functional pathway represents a series of biochemical actions leading to an end point or cellular function such as an activated or inactivated enzyme or metabolite, an enhanced or repressed signaling cascade, a repaired DNA strand or a coordinated immune response and (ii) that small changes due to variation in the expression of genes involved in a functional pathway may lead to an outcome such as cancer (5) .
We performed a comprehensive pathway-based analysis of the combined dataset of two pancreatic cancer GWAS, PanScan 1 and PanScan 2, using an adaptive combination of P-values in the adaptive rank truncated product (ARTP) method (6) . Twenty-three biological pathways and groups of genes known or hypothesized from the literature to be important in pancreatic tumorigenesis were selected, including pancreas development, DNA repair, apoptosis, cell cycle signaling, immune function and inflammatory pathways, insulin resistance, PI3 kinase, Wnt, Notch, hedgehog and transforming growth factor (TGF)-b signaling. We confirmed the major results from the ARTP analysis with a logic regression analysis (7, 8) .
Materials and methods

Study population
The study population included 3851 pancreatic cancer cases and 3934 control participants from the previously conducted GWAS in the Pancreatic Cancer Cohort Consortium and the Pancreatic Cancer Case Control Consortium (PanC4) (1, 2) . Briefly, this collaborative project included 1528 incident cases and 1594 controls from nested case-control studies of 12 cohort studies and 2323 cases and 2340 controls from 8 case-control studies (1, 2) . Cases were defined as participants diagnosed with primary adenocarcinoma of the exocrine pancreas; controls were matched to cases according to birth year, sex and self-reported race/ethnicity and were free of pancreatic cancer at the time of recruitment (1, 2) . Genotyping was performed by the National Cancer Institute's Core Genotyping Facility using the Illumina HumanHap550 and HumanHap550-Duo SNP arrays (PanScan 1) and Illumina Human 610-Quad arrays (PanScan 2) (1,2). PanScan 1 and PanScan 2 were approved by the Institutional Review Board of each participating institution and National Cancer Institute's Special Studies Institutional Review Board (1,2).
Pathway selection
Pathways were chosen on the basis of our current understanding of the etiology and molecular mechanisms of pancreatic cancer with the aim of constructing concise core pathways known to be important for pancreatic biology; 23 pathways or groups of genes were compiled (Table I) http://sciencepark.mdanderson.org/labs/wood/DNA_Repair_ Genes.html and http://www.genome.jp/kegg/pathway.html). These included pathways related to pancreatic organ development and differentiation, DNA repair, apoptosis, cell cycle regulation, immune response, Helicobacter pylori infection, inflammation, insulin resistance, PI3 kinase, Wnt, Notch, hedgehog and TGF-b signaling pathways. For example, the DNA repair pathway, including subpathways, were included in this analysis based upon results from previous candidate gene association studies (9) (10) (11) . Diabetes mellitus (12, 13) , glucose intolerance (12, 14, 15) and chronic pancreatitis also appear to predispose individuals to pancreatic cancer (16) . Allergies have been associated with reduced risk of pancreatic cancer in several studies (17) but little is known about the genetic basis of this association. Two pathways related to allergies were considered for this study: one including genes related to the balance between T-helper 1 and T-helper 2 cells (Th1/Th2) and the other including genes related to serum IgE levels (18) . The pancreas develops from the endodermal epithelium of the foregut of the vertebrate embryo. A series of transcriptional regulators govern the development and cell type differentiation of the gland. We compiled a list of transcriptional regulators important for early pancreatic development by reviews of the literature and by searching GO and KEGG terms (19) (20) (21) (22) Predisposing genetic factors for pancreatic cancer remain poorly understood; however, genetic variation in genes that influence the above risk factors are viable candidate genes for interrogation. The total number of genes was 577 (of which 4 were included in 3 pathways and 30 in 2 pathways).
Statistical analysis SNP association analysis was conducted with use of the logistic regression model using a boundary for each gene beginning 20 kb upstream of the transcriptional start site and ending 10 kb downstream of the transcriptional end site of the gene (including exons, introns and untranslated regions). This model was fit for genotype trend effects (1 d.f.) adjusted for study, age, sex, selfdescribed ancestry and 10 principal components for the population Results from the ARTP pathway analysis. The analysis was adjusted for age in 10 years categories, sex, study arm and 10 principal components of population stratification.
stratification adjustment, which included the top 5 principal components identified in the cohort studies and the top 5 principal components identified in the case-control studies (1,2). P-values for individual SNPs were based on the 1 d.f. Wald test derived from the fitted logistic regression model. First, we conducted a gene-based analysis to evaluate the association between a candidate gene/region and cancer risk. The test statistic used was the minP statistic, which was the minimum P-value among all P-values from the single SNP analysis conducted within the candidate gene. The P-value for the gene-based analysis (called gene P-value) can be evaluated through a bootstrap procedure. Second, we conducted the pathway analysis to evaluate the association between a set of candidate genes included in a pathway and cancer risk. The pathway analysis was based on the ARTP method (6) and was implemented in the R package ARTP (http://dceg.cancer.gov/bb/tools/artp). The ARTP method aims at maximizing the association signal by combining gene-level P-values from a set of selected genes within the pathway into the test statistic and uses a bootstrap procedure to estimate its P-value and has been shown to account properly for the type I error (6) . The bootstrap procedure is used for the purpose of generating datasets under the null hypothesis while keeping the correlation among SNPs the same as that in the observed dataset. The P-value for both the gene-based and pathway analyses was initially estimated by 30 000 parametric bootstrap steps. We re-evaluated P-values for genes or pathways that had initially estimated P-values of ,0.05 using 1 000 000 bootstrap steps.
As a complementary approach to the ARTP method, we used a logic regression model (7, 8) to reanalyze several promising pathways identified by the ARTP method to determine whether those pathways were enriched with interactions. The ARTP method looks for marginal effects from individual SNPs but does not aim at detecting epistatic interactions among SNPs. In contrast, logic regression is an adaptive regression methodology that attempts to identify 'logic' (binary) combinations of predictors that are associated with a regression outcome. Each SNP is recoded as two binary predictors: one is based on whether at least one variant allele is present ('dominant coding') and the other is based on whether two variant alleles are present ('recessive coding'). We fit models using a simulated annealing algorithm. Model selection was conducted using cross-validation and permutation tests. A Bayesian approach to model selection was used to generate a list of possible candidates of predictors.
Results
Of the 23 pathways analyzed (Table I) , the most statistically significant association was seen for the pancreatic developmental pathway (P 5 2.0 Â 10 À6 ) and the H.pylori lacto/neolacto pathway (P 5 1.6 Â 10 À5 ). Three additional pathways were nominally significant: hedgehog signaling (P 5 0.0019), Th1/Th2 immune response (P 5 0.019) and apoptosis (P 5 0.023). The top three pathways (pancreatic development, H.pylori lacto/neolacto and hedgehog) were significant after Bonferroni correction for the 23 pathways tested (P , 0.002). However, after excluding genes (i.e. removing all SNPs within the gene) previously identified by the initial GWAS (NR5A2 from the pancreatic development pathway, ABO from the H.pylori lacto/neolacto and SHH from the hedgehog pathway), the pancreatic development pathway remained significant (P 5 8.3 Â 10 À5 ), whereas the other two pathways became nonsignificant (P . 0.05).
We also computed gene-level P-values for the 577 genes included in the study; 46 genes had P-values of ,0.05 (Table II) . The major genes contributing to the significant pathways include NR5A2, HNF1A, HNF4G, PDX1 and HNF1B for pancreatic development; ABO for H.pylori lacto/neolacto; SHH, BTRC and HHIP for hedgehog; TGFBR2, CCL18 and IL13RA2 for Th1/Th2 immune response and MAPK8, BCL2L11, FAS, FASLG and CASP7 for the apoptosis pathway. For the other pathways analyzed, zero to four genes were nominally significant (P ,0.05) (Table II) .
Individual SNPs that were significant at the P , 0.001 level for the five significant pathways are listed in Table III . The pancreatic development pathway showed 15 SNPs: 6 located in the NR5A2 gene, 5 in HNF1A, 3 in HNF4G and 1 in HNF1B. Five SNPs in the H.pylori lacto/neolacto pathway were significant; however, they were all located within the ABO gene previously identified in the GWAS (1, 2) . Two SNPs in the hedgehog signaling pathway were significant at this level, located approximately 10-15 kb upstream of the SHH gene; again, both were identified in PanScan 1, but the association was not replicated in PanScan 2 (1,2). Two SNPs in the TGFBR2 gene within the Th1/Th2 immune response pathway were significant at a threshold of P , 0.001; these SNPs were also included in the TGF-b pathway that was not significant overall. Finally, three SNPs in the apoptosis pathway were significant at the same P-value level: one in MAPK8 and two in BCL2L11.
We also observed a significant association between the pancreatic development pathway and cancer risk using logic regression analysis. The SNPs that occurred most frequently in the models were rs2816939, rs3762399, rs2737621 (NR5A2), rs7310409, rs7953249 (HNF1A), rs2943547 (HNF4G) and rs2688 (HNF1B). The results of the Bayesian version of logic regression were compared 1000 times with a permuted response. The fit on the permuted data was always worse than the fit on the real data, thus providing strong evidence of an association between the pancreatic development pathway and pancreatic cancer. For the Th1/Th2 immune response pathway and apoptosis genes, logic regression also provided some evidence of associations with pancreatic cancer (data not shown).
Discussion
Our pathway-based analysis of GWAS data has shown that common germ line variation in pancreatic developmental genes may be important susceptibility factors for pancreatic cancer. The genes that contributed to this significant association include NR5A2, HNF1A, HNF4G, PDX1 and HNF1B. This association remains significant even after removing variants in the NR5A2 gene shown previously to be associated with pancreatic cancer risk (P , 0.001). Four additional pathways showed nominally significant association with risk of pancreatic cancer (P , 0.05), i.e. H.pylori lacto/neolacto, hedgehog signaling, apoptosis and Th1/Th2 immune response, although genes previously implicated in pancreatic cancer risk may drive the association for the hedgehog (SHH) and H.pylori lacto/neolacto (ABO) pathways.
The five genes that contributed to the significant association with the pancreatic development pathway are important components of the transcriptional networks governing embryonic pancreatic development and differentiation as well as maintaining pancreatic homeostasis in adults (23, 24) . PDX1 (pancreas-duodenal homeobox 1) regulates the very early steps of exocrine pancreas development (25) . NR5A2 is a direct downstream target of PDX1 in this process (26) . HNF1A and HNF1B encode hepatocyte nuclear factor 1 alpha and beta, also known as transcription factors 1 and 2 (TCF1 and TCF2), respectively. These proteins belong to the homeobox family of DNA-binding proteins and regulate expression of a large number of genes. HNF1A primarily regulates the growth and function of islet b cells, and HNF1B plays an essential role in controlling pancreatic organogenesis and differentiation (23) . Consistent with our observations, HNF1A was identified as the top hit for pancreatic cancer in a separate analysis of PanScan data by assessing markers previously identified in GWAS of phenotypes other than pancreatic cancer (27) . Heterozygous compound knockout mouse models have shown that PDX1, NR5A2, HNF1A and HNF1B act in a tightly regulated feedback circuit in regulating pancreas development and differentiation (26, 28) . Therefore, even subtle differences in the relative activity of any of these genes may have profound consequences on overall network activity. Notably, the hedgehog signaling pathway, in particular the SHH gene, also plays an essential role during embryonic pancreatic development (29) . Genes involved in organ development and differentiation contribute to the ability of tumor cells to proliferate and evade cell death, but they also often alter cell plasticity, i.e. reprogram cells to a state that may give rise to a tumor (29) .
Mutations in HNF1A, PDX1 and HNF1B are responsible for maturity onset diabetes of the young (MODY) types 3, 4 and 5, respectively (30, 31) . Both mutations and common variants in HNF1A and HNF1B have been associated with the risk of type II diabetes (32) (33) (34) . Common variants in NR5A2, HNF1B and HNF4G (35) also have been associated with body mass index in recent GWAS. A recent study has reported a critical role of NR5A2 in phosphatidylcholine signaling pathway regulating fatty acid and glucose homeostasis (36) . Because Pathway analysis of GWAS in pancreatic cancer obesity and long-term type II diabetes are known risk factors for pancreatic cancer, it is possible that these genes may contribute to pancreatic cancer, partially through an increased risk of obesity and diabetes.
In addition to their roles in regulating the development and function of the pancreas, HNF1A and HNF1B also control terminal differentiation and cell fate commitment in the gut epithelium (37, 38) . Somatic mutations of the HNF1A gene have been reported in several types of human cancer, suggesting a tumor suppressor role (39) (40) (41) . HNF1A silencing by small interfering RNA in hepatocellular carcinoma cells induces overexpression of several genes encoding growth factor receptors, components of the translational machinery, cell cycle and angiogenesis regulators, with, in particular, activation of the mammalian target of rapamycin pathway (42) . Moreover, HNF1A has been recognized as a master regulator of plasma protein fucosylation (43) and plasma levels of C-reactive protein (44, 45) . This suggests that HNF1A may also contribute to pancreatic cancer via regulation of immunity, tumor progression and metastasis as well as through metabolic and inflammatory pathways. Overall, the pancreatic development pathway may have an impact on pancreatic cancer risk through multiple diversified mechanisms.
We also observed weaker associations of the Th1/Th2 immune response and apoptosis genes with pancreatic cancer. Genes in the Th1/ Th2 pathway influence the balance of T-helper cells; individuals with No significant genes were observed in the H.pylori extracellular and H.pylori other/unclassified pathways.
allergies, who are at lower risk of pancreatic cancer, have heightened Th2 (T-helper type 2) response. TGFBR2 and CCL18 contribute to the significance of the Th1/Th2 pathway. Although T-helper cells are mostly implicated in diseases associated with immune responses, such as allergy, asthma and infections, they may also play a role in immune surveillance of tumor cells (46) . On the other hand, TGF-b is one of the core signaling pathways involved in pancreatic cancer (47) , and the TGFBR2 gene is mutated in 4% of pancreatic cancer cases (48) . Chemokines such as CCL18 have been implicated in biological processes involving tumor growth including leukocyte migration, angiogenesis and metastasis (49); CCL18 is associated with some allergic conditions and is induced by Th2 cytokines. However, the role of CCL18 in pancreatic carcinogenesis is unknown. Defective apoptosis represents a contributory feature in the development and progression of cancer. Among the 42 apoptosis-related genes analyzed, MAPK8 and BCL2L11 were the most notable. Mitogen-activated protein kinases are involved in cell proliferation, differentiation, apoptosis, transcription regulation and development. MAPK8 (aka JNK1 or SAPK1) is a serine-threonine kinase that belongs to the stress-activated signaling cascade and has been shown to play a role in obesity and insulin resistance (50) . BCL2L11 is a member of the BCL2 family and plays a role in neuronal and lymphocyte apoptosis. In summary, our pathway-based association analysis of pancreatic cancer GWAS data has revealed a connection between pancreatic development and cancer risk by using sets of genes previously known to be important for pancreatic cancer through various processes and molecular functions. We use an ARTP method as our primary approach and confirmed the results for the developmental pathway with another approach, logic regression. Our selection of pathways incorporated databases (such as KEGG and GO), however, was narrowed to include only those genes central to each pathway, based on the literature. A more agnostic wider pathway based analysis might elucidate new pathways beyond that which is known. Our study is the largest to date to examine candidate pathways and genes associated with pancreatic cancer. A limitation to our study is that in order to maximize power, all available case-control pairs were used for the analysis. Replication efforts in independent studies are therefore needed to confirm our findings. These findings may open new research avenues in our understanding of the etiology of this deadly malignancy.
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